structure represents a promising approach to create a functional hetero-architecture to mimic complex natural tissues. These approaches have a significant potential for microscale tissue engineering, personalized medicine screening, and drug delivery. [6] [7] [8] [9] [10] [11] [12] [13] In brief, these reported methods for fabricating 3D tissue structures can be classified into two categories: top-down and bottom-up. Conventional tissue engineering generally employs a top-down approach, in which a porous and degradable scaffold fabricated via photolithography or bioprinting is seeded with cells. [8, 9] Obviously, due to low precision and lack of control of inner structural properties, achieving a complex 3D architecture and controlling the cellular density and distribution are difficult using this approach.
With the hope of engineering a complex tissue with a tunable external morphology and inner component, bottom-up approaches [14] have been developed, such as bioprinting, two-photon lithography, magnetic assembly, microfluidics, acoustics, and molecular recognition. Compared with the top-down method, the main difference of the bottom-up technique is the manipulation of heterogeneous building blocks into a large-scale tissue construct. Moreover, these assembly techniques run in parallel and therefore are faster and less expensive than pick-and-place assembly. [15] Two-photon lithography has served as an 
Introduction
In nature, biological systems are composed of complex tissues with independent physiological functions. In each functional unit, multiple types of cells with a defined spatial distribution assemble, connect, and cooperate at the microscale in vivo. So far, several studies have demonstrated that ordered tissue both at composition and organizational levels can be achieved in vitro, such as in bionic ear, [1] vascularized constructs, [2] bone, [3] cartilage, [4] and skin. [5] The assembly of cell-encapsulating blocks with a defined 3D advanced method for fabricating hydrogels with a precise 3D configuration and has been applied in tissue engineering and drug delivery. [16] [17] [18] [19] Microdroplet technologies based on bioprinting have excelled at fabricating complex 3D microstructures, [20] such as a 3D kidney, [21] by depositing a cellencapsulating hydrogel solution onto a receiving substrate for various applications. However, these microstructures are fixed during the printing and cannot be reconfigured. It is irreversible during fabricating process once the droplet is ejected to wrong place. Additional challenges associated with bioprinting must be addressed, such as the high shear stress on cells, drops containing no cells, and nozzle clogging. To overcome these challenges, guided assembly approaches have been developed, which include magnetic assembly, microfluidics, acoustics, and molecular recognition. The main purpose is to create complex 3D tissue structures with applications in tissue regeneration and drug discovery. Magnetic fields have been used widely to manipulate the motion of magnetic particles. [22] Due to advantages of better stability and ease of operation, the magnetic assembly of cell-encapsulating microgels has been applied in 3D tissue engineering. [22, 23] Before magnetic manipulation, cells are embedded in the microstructures containing magnetic nanoparticles, and the magnetic field acts on these nanoparticles. Subsequently, an applied magnetic field can move and assemble microstructures. Other researchers have focused on fabricating individual blocks containing magnetic nanoparticles using a micro-robot to manipulate other biological blocks. [24] Nevertheless, the cytotoxicity of the magnetic nanoparticles will probably have an influence on long-term culture of constructed tissue structures. Recently, acoustic field-guided assembly, [25, 26] and microfluidic assembly have also been carried out to create complex 2D or 3D tissue geometries. [27] [28] [29] [30] However, the requirement for a large number of microcarriers to capture microgels in the microfluidic assembly and the lack of control over the spatial organization of the heterogeneous building units during acoustic manipulation has hindered its application in high-throughput systems.
In this article, we introduce an easy-to-use and versatile method for the high-throughput fabrication of hydrogel microstructures and the rapid assembly of 3D heterogeneous microscale tissues. The investigated system combines optofluidic maskless lithography and optically induced dielectrophoretic (ODEP). Arbitrary hydrogel microstructures were polymerized in a high-throughput and on-demand manner using a digital micromirror device (DMD) as the light modulator. Numerous different microstructures were transferred to an optically induced electrokinetics (OEK) chip, allowing the assembly of building blocks composed of functional components and the creation of a complex, reconfigurable 3D architecture. In this approach, the microstructures were manipulated by an ODEP force produced using a light pattern. Particularly, noncontact manipulation does not damage the microstructures or introduce toxic substances to cells. Furthermore, it was demonstrated that building blocks with different cells can be assembled to create a complex structure, which will be very useful for tissue engineering applications.
Results and Discussions

System Combining Optofluidic Maskless Lithography with Optically Induced Dielectrophoresis
The investigated system combining high-throughput fabrication and flexible manipulation is composed of two major components: an optofluidic maskless lithography system for DMD-based hydrogel synthesis and an ODEP force-based manipulation and assembly system (Figure 1 and Movie S1, Supporting Information). Briefly, hydrogel microstructures were dynamically fabricated and collected in a polydimethylsiloxane (PDMS) device. The inlet of the device was connected to a syringe pump that provided prepolymer solution and maintained the flow pressure, whereas the outlet was linked to a collection chamber for microstructure collection. Microstructures were dynamically synthesized in the main chamber of the microfluidic device and transferred to an OEK chip for manipulation. In contrast to other techniques using a physical mask, projection light can be dynamically modulated by a DMD. In this case, the exposure patterns can be changed in real-time to meet the requirement of high-throughput fabrication. The operating principle of the DMD-based fabrication system has been described in detail in our previous work.
[ [31] [32] [33] The OEK chip consists of a top glass substrate with a transparent and conductive indium oxide (ITO) coating, a working chamber and a bottom ITO glass substrate coated with a thin photoconductive film of hydrogenated amorphous silicon (a-Si:H). A particular area of the a-Si:H layer exhibits high conductivity when an optical pattern is projected as a virtual electrode onto the area. A nonuniform electric field in the liquid can be created with an externally applied voltage, and any dielectric particles suspended in the chamber experience a force that drives the movement of the microstructures. Consequently, the ODEP force can dynamically and flexibly manipulate particles without contact. The virtual electrodes can be easily and quickly created by controlling the optical patterns. Compared with other assembly methods such as microrobotic, magnetic, acoustic, and bioprinting, ODEP shows flexible, high efficiency, as well as good biocompatibility. [34, 35] With this technique, applications such as manipulation, counting, sorting of different particles, and assembly of 2D colloidal crystals have been successfully demonstrated. [36] [37] [38] [39] [40] Because biological cells have dielectric properties, ODEP is a convenient manipulation technique for studying cells, even at the single-cell level, and can be used to perform manipulation, separation, and electroporation analysis. Huang et al. have separated PC-3 cells and leukocytes based on their size differences using an ODEP operation methodology, as well as achieving the separation of live and dead cells and isolation of circulating tumor cells. [35, 41] Liang et al. rapidly purified Raji cells' sample from red blood cells utilizing vary ing ODEP force magnitudes on different cells. [42] Huang et al. have extracted the nucleus and isolated the nuclei using ODEP.
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Fabrication of Hydrogel Shapes
Free-floating polymeric microstructures were fabricated in the microfluidic channels made by PDMS. The chamber was illuminated with a UV light pattern through a PDMS microchannel. The pre-polymer solution became cross-linked through exposure to this light, and the corresponding solid structures formed instantaneously. The formed structures were suspended in the fluid, owing to the oxygen-induced inhibition of polymerization at PDMS surfaces (Figure 2A) . The fabrication process relied on UV-induced polymerization; thus, the photoinitiator generated free radicals after exposure to UV irradiation. Then, the cross-linking reaction occurred when the free radicals combined and reacted with poly(ethylene glycol) diacrylate (PEGDA) monomers via attacks on reactive double bond groups. Therefore, free radicals initiated the polymerization process and played a crucial role in the formation of solid structures. However, PDMS is a special material that oxygen can easily penetrate. [44] A thin oxygen film formed at the PDMS surface, and the free radicals preferentially reacted with oxygen rather than the PEGDA monomer, thereby, leading to the termination of the polymerization ( Figure 2B ). Uncross-linked solution at the PDMS surface played a role in lubrication and enabled the fabricated microstructures to separate from the wall of the device and move with the flowing liquids ( Figure 2C and Movie S2, Supporting Information). The microstructure synthesis rate is shown in following equation:
where n p is the number of microstructures polymerized per UV exposure, t p is hydrogel polymerization time, t f is the time in which the microstructures were flushed out, and t s is the flow stop time. If we fabricate microstructures with a size of 50 µm, the maximum number is 100 per UV exposure, t p = 0.5 s, t f = 1 s, and t s = 2 s. Therefore, the synthesis rate is 28.6 s −1 and ≈1 × 10 5 microstructures can be fabricated in 1 h. DMD-based fabricating in our experiment is one type of microscope-based lithography and accurate positioning of the channel in the objective focal plane is critical for microstructure resolution. So the polymerization is restricted to a small area. A straight beam with large exposure area will be designed in the future to improve the microstructures fabrication throughput.
Furthermore, flow lithography can be divided into continuous flow lithography (CFL) and stop flow lithography (SFL). [45] [46] [47] [48] [49] CFL fabricated microstructures are under a continuous flow of the monomer, which limits its resolution. In contrast, the SFL microstructure fabrication process was performed in a stationary solution, which greatly improved the resolution. [47] In addition, once structure fabrication process was complete, a much greater flow rate could be applied to flush away the structures. Therefore, SFL was selected for our fabrication system and included three steps. First, the PDMS chamber was filled with ultraviolet-curable prepolymer solution through the inlet connected to a pressured solution reservoir. Then, the syringe pump was turned off, and several seconds were allowed to pass to ensure that the flow of the solution stopped. Second, the designed microstructures were fabricated within 1 s using a single exposure via maskless lithography. The cure time was controlled by varying the laser intensity and the photo-initiator concentration. Third, the syringe pump was switched on, and the cured microstructures were carried through the microchannel and collected in the chamber for further processing. Molding, photolithography, and microdroplet generation are the three major commonly used methods for microstructure fabrication. Molding requires multiple complex steps, which hinders its application. Figure 1 . Schematic illustration of the high-throughput fabrication and flexible manipulation system. The system consists of two major components: a DMD-based hydrogel fabrication system for on-demand manufacturing and an ODEP force-based manipulation and assembly system for precise control.
While photolithography and microdroplet generation offer higher resolution and are simple procedures, they might not provide real-time and high-throughput fabrication.
An array of PEGDA microstructures was polymerized on the glass substrate to investigate the homogeneity of microstructures produced by the fabrication system. Notably, these hydrogel microstructures exhibited perfect shapes and sharp edges ( Figure 3A) . Figure 3B ,D demonstrates the perfect patterning of triangle microstructures with a decreasing size from 100 to 20 µm. Due to the light pattern modulation by DMD, the fabrication process does not require a physical mask or mold. Thus, arbitrarily shaped microstructures can be fabricated with high efficiency, flexibility, and repeatability using our versatile system. Furthermore, when rhodamine-B is incorporated into the pre-polymer solution, the fluorescence intensity of labeled microstructures can be analyzed. Five lines were selected randomly in a single triangle structure, and the corresponding fluorescence intensity of each line is shown in Figure 3E . The lines of a single structure exhibited nearly identical fluorescence intensities. In addition, the same analysis was performed on the microstructure array, as shown in Figure 3G ,H, and the results showed the same intensity for different microstructures. The intensity analysis results indicated that polymerized hydrogel microstructures were not only physically but also chemically homogeneous. When combined with the microfluidic technique, microstructure fabrication can be adopted for mass streamline production, which enhances the synthesis rates of homogeneous hydrogel microstructures. Personalized fabrication allows arbitrarily shaped microstructures to be produced by changing the designed picture input to the DMD to meet different needs during manipulation and assembly. Figure 3I ,J shows microstructures collected in the microfluidic channel and ready for transfer to the OEK chip. The fabrication system is being tuned to produce a uniform size, a perfect structure, and various shapes.
Polarization Models for Cake-Like Microstructures
To demonstrate the feasibility of using the ODEP method, experiments manipulating hydrogel microstructures were performed. While the triangle microstructures were transferred to the OEK chip, we applied a line-shaped light pattern as a virtual electrode. As expected, single triangle microstructures could be manipulated by the generated ODEP force. When applying a sine wave voltage with a peakto-peak value of 20 V and frequency of 20 kHz, the triangle microstructure exhibited a negative dielectrophoresis (DEP) force ( Figure S1 and Movie S3, Supporting Information). Then, we changed the frequency from 1 kHz to 1 MHz, and the shape of structures, and the microstructures were always repelled from the illumination light pattern.
The ODEP force acting on a hydrogel microstructure in a fluidic medium can be described as follows: [42, 50] 2 R e[ ( )] In the first step, the flow is stopped when the syringe pump is closed. In the second step, hydrogel microstructures are fabricated through exposure to the UV light pattern. In the third step, polymerized microstructures are carried out of a channel when the syringe pump is opened.
where a 1 , a 2 , and a 3 are the semi-axes of the microstructure radii; ε m is the permittivity of the liquid medium surrounding microstructures; E denotes the root-mean-square value of the electric field strength; and Re[k(ω)] is the real part of the Clausius-Mossotti factor, which is described as follows:
In the equation, ε* = ε−jσ/ω, σ and ε are the permittivity and conductivity, respectively. The subscripts p and m indicate the PEGDA microstructure and the liquid medium, respectively, in the OEK chip. In addition, ω = 2πf, where f is the applied voltage frequency.
The dimensions of cake-like microstructures were measured by scanning electron microscopy: a 1 = a 2 = 15 µm, and a 3 = 5 µm (Figure 4B) . The microstructures were modeled as single-shell oblate ellipsoids, where a 1 = a 2 > a 3 , and e = a 1 /a 3 = 3. A j is the depolarization factor along the long axis and is given by the following equation 0.5( 
Microstructures can experience a drag force caused by the ODEP. The drag force exerted on a microstructure in a moving liquid can be expressed using Stokes' equation
where f r is the friction factor of a cake-like microstructure and is 32/(3ηa 1 ), and η is the dynamic viscosity of the fluid.
The dielectric properties of deionized water and the PEGDA microstructures are provided in Table 1 .
The vector E 2 should be calculated to determine the ODEP force on the microstructure. The cross-sectional distribution of the x-component of the vector E 2 was calculated using Multiphysics COMSOL. In this example, circular ring lines with a width of 20 µm served as the virtual electrode, and the applied voltage was 20 V pp with a frequency of 30 kHz. The intensity of the electric field sharply decreased along the vertical direction and had a maximum value around the illuminated areas ( Figure 4C ). The maximum DEP force was calculated according to the position of the height of the microstructures above the bottom substrate. As shown in Figure 4E , the calculated results indicated that the real part of the Clausius-Mossotti factor had a negative value at all frequencies. The DEP force equation indicated that the DEP force was also negative, thus suggesting that a negative DEP force acted on the structures. This result was consistent with the observation in Figure S1 in the Supporting Information.
Then, the moving velocity of the microstructure induced by the maximum DEP force was calculated by using Equation (4). The DEP force was calculated at different frequencies; thus, the corresponding velocity was simulated, as shown in Figure 4E (blue line). The results from measuring the velocity at different frequencies were similar to the results of the simulation. Furthermore, the maximum velocities of four microstructure shapes (circular, square, star and triangle) with different sizes ranging from 30 to 200 µm were measured. The result of ODEP operation with different frequencies is shown in Figure S3 velocity at the frequency of 1 kHz. The velocity became larger by increasing the size of microstructures. Additionally, the circular microstructures moved faster than other microstructures with the same size and frequency.
Microstructure Manipulation through the ODEP Force
A single star-shape microstructure was first manipulated to ensure that the proposed system possesses the ability to transport arbitrarily shaped microstructures. In this study, the star-shape microstructures were fabricated, collected and loaded into the OEK chip. We controlled the structure to move along a rectangular path using ODEP force. Based on the simulation, the sine wave voltage was applied, which has a peak-to-peak value of 20 V and frequency of 30 kHz. The results showed that such operating conditions were able to generate adequate forces for manipulation. The negative ODEP force was generated by a ring-like light pattern. The light pattern pushed the microstructure via the repellent effect. As shown in Figure 5 and Movie S4 in the Supporting Information, the microstructure was transported smoothly and quickly following the desired pattern. Furthermore, the entire operation was completed within 25 s, representing a substantial time saving.
In addition to moving a single microstructure, the ODEP platform was also capable of patterning several microstructures. As shown in Figure S3 and Movie S5 in the Supporting Information, several triangle-shaped microstructures were randomly distributed in the OEK chip. With a ring-like pattern used as a virtual electrode, three microstructures were arranged in a line. During the operation, when one triangle microstructure was moved to a specified location, the light pattern was retained, because the ODEP force produced www.advancedsciencenews.com small 2017, 13, 1602769 Deionized water [51] 7.08e-10 1e-4
PEGDA microstructures [52, 53] 8.85e-11 5.5e-5 www.small-journal.com by manipulating other structures pushed "fixed" structures, which would have altered their position. Therefore, the light pattern was retained, while decreasing the intensity, to keep "fixed" structures from moving.
Versatility of ODEP Coding: Assembly and Tetris
Two different microstructures were precisely arranged into one single geometric shape by using the ODEP force (Movie S6, Supporting Information). Figure 6A-D and E-H represents a continuous sequence, where one convex structure was fitted to a concave structure. The integrated unit can be separated by the ODEP force into individual microstructures, and then reconfigured into other microstructures. This capability is beneficial for studying drug screening and constructing biological systems. In addition, two convex microstructures combined and perfectly formed one structure, as shown in Figure 6I -L. Therefore building blocks were sucessfully combined together. The ODEP manipulation approach was also used to reproduce classic and simple Tetris shapes and movements (Movie S7, Supporting Information). First, building blocks of various shapes were manufactured on demand by using a DMD-based fabrication system. Microstructures could either be fabricated one by one or patterned in an array before transport into the OEK chip for manipulation. Notably, the ability to change the medium in the microfluidic technique enabled the fabrication of heterogeneous structures generated from different materials. Next, blocks were manipulated using the ODEP force by moving each block sideways and rotating if needed, with the aim of creating a horizontal line. The continuous sequence shown in Figure 7A -G shows that the ODEP force was able to manipulate objects of various sizes and shapes to form one structure. Figure 7L shows that structures with the same shape were placed in the same layer, and different blocks were arranged layer by layer.
As shown in Figure 6I -L, two convex microstructures aligned with each other very well and combined to form a perfect structure. The assembly of several different microstructures does not seem to proceed perfectly according to Movie S7 in the Supporting Information. There are two possible explanations for these imperfect assemblies. Firstly, the hydrogel microstructures remain suspended in the solution during the manipulating process. So it is necessary to eliminate the effect of disturbance of liquid flow to retain microstructures in a desired, fixed position. Secondly, two shapes need to be designed and fabricated with good shape and sharp edges, so that the two shapes can align and engage well with each other. The main challenge is that hydrogel structures are prone to deformation like swelling. To overcome this challenge, the fabricating process will be optimized to further improve the assembly results in our future work. Furthermore, the Tetris-like manipulation demonstrated once again that the microstructures in the OEK chip could be controlled with high precision and flexibility and that microstructures could also be assembled.
Spatially Directed Assembly of Cell-Encapsulating Microstructures for Bottom-Up Tissue Culture
The assembly of cell-encapsulating building blocks designed with a defined 3D structure offers a promising strategy for functional tissue construction. Mimics of complex microtissues may be suitable for broad applications in microscale tissue engineering, personalized medicine screening, and drug delivery. Before a complex microtissue architecture was constructed, cell-containing hydrogels of various sizes and shapes were fabricated by using DMD-based SFL. Figure 6 . Two different microstructures were precisely assembled into one single geometric shape. A-D) One convex structure was fitted to a concave structure. E-H) Two structures were reconfigured and arranged together. I-L) Two convex microstructures combined to form a perfect structure according to the design and need.
www.small-journal.com viability of all microstructures was sufficiently high to be suitable for use in biological applications.
Biological building blocks were assembled into complex tissue architectures by using the ODEP force. Fluorescence images of four rectangular microstructures are shown in Figure 8E -G. The cell-encapsulating hydrogels have been assembled into an L shape, line shape and square shape. As shown in Figure 8H assembled indicate the ability to achieve physical heterogeneity. Furthermore, the microstructures encapsulating different cells were also constructed into the final shape ( Figure 8K-M) . L929 mouse fibroblast cells, HEK-293 (human embryonic kidney cells) and MCF-7 (breast cancer cells) were stained with CytoPainter Phalloidin-iFluor 488 Reagent (green), 4′,6′-diamidino-2-phenylindole (DAPI) (blue) and neutral red staining solution (red), respectively. The growth of different cell-encapsulating blocks has demonstrated the ability to achieve cellular heterogeneity.
However, the true advantage of guided assembly is its capacity to assemble building blocks containing different cells. These results indicate that ODEP force-based manipulation and assembly is feasible for constructing tissue architectures without influencing biological activity. Moreover, block-encapsulated cells were reconstructed into a designed architecture, thus allowing for promising and broad applications. For instance, because the hydrogel is permeable to various substances, drugs might be concentrated and entrapped within the convex hydrogel microstructures. Once the convex microstructures containing drugs and the concave blocks containing cells are assembled, the drug will release through diffusion and act on the cells over a prolonged period. Therefore, this capability may also enable researchers to study drug delivery and perform "targeted" drug screens.
Conclusion
In summary, we present a system that combines highthroughput fabrication and flexible assembly of microscale tissue. Hydrogel microstructures and building block-encapsulated cells were fabricated easily and quickly by using an optofluidic maskless lithography setup. Building blocks composed of functional components were assembled and used to construct complex 3D architectures that could be flexibly reconfigured using the ODEP force. Furthermore, cell-encapsulating microgels were generated with designed shapes without affecting cell viability and proliferation. As a whole, the fabrication and assembly methodology developed here holds great promise as a platform for creating artificial functional biological architectures for use in drug screening, regenerative medicine, and tissue transplantation.
Experimental Section
Experimental Setup
The optofluidic maskless lithography setup combines DMD-based maskless lithography with a microfluidic device. The details of the DMD-based printing system are described in the previous work.
[ [31] [32] [33] In brief, a DMD (Texas Instruments Incorporated, Dallas, Texas, USA) with a 3D computer-controlled stage (Thorlabs Inc., Newton, New Jersey, USA), projection optics, and a chargecoupled device camera constituted this fabrication system. Computer designed customized microstructure patterns were input into the DMD, which served as the dynamic mask that allowed for dynamic control of the shape of polymerized microstructures. The modulated UV light was projected on the PDMS microfluidic device through optics. PDMS channels were generated as the top layer by pouring PDMS prepolymer with a curing agent at a ratio of 10:1 on silicon wafers patterned with SU8. A 100 mm diameter cell culture dish was spin coated with PDMS (3 mL, 3 min, and 1000 rpm), and the stripes of PDMS films on the dish served as the bottom layer after curing at 75 °C for 6 h. The inlet and outlet holes were punched before assembly of the top and bottom layers. In experimental operations, a syringe pump was used to apply a positive pneumatic pressure at the inlet and fill the microfluidic device with the pre-polymer solution. The microfluidic device consisted of two chambers: a fabrication chamber and a collection chamber. Microstructures were polymerized in the fabrication chamber and then transported through solution flow to the collection chamber.
The OEK platform consisted of a top ITO glass substrate, a bottom ITO glass substrate with a layer of hydrogenated amorphous silicon, a 3D digital translation platform (Leetro Automation Co. Ltd, China) on which the OEK chip was fixed, and a commercial LCD projector (VPLF400X, Sony, Japan) that projected a light pattern onto the photoconductive material of the OEK chip to generate the ODEP force. When the light patterns were projected onto an a-Si:H film, electron-hole pairs were excited; thus, the electrical impedance of the illuminated region was significantly decreased by several orders of magnitude. Consequently, a nonuniform electric field was produced. To allow the OEK chip to manipulate microstructures, an alternating current (AC) bias potential with a function generator (Agilent 33522A, U.S.A.) was used to produce an electric field between the top and bottom substrates of the proposed system. In addition, a charge coupled device (CCD)-equipped microscope (DH-SV1411FC, DaHeng Image, China) was used to observe and record the manipulation and assembly of the hydrogel microstructures in the system in real time.
Hydrogel Microstructures Fabrication
For PEGDA microstructures fabrication, the PEGDA prepolymer solution was prepared by dissolving PEGDA (Mn 700, Sigma-Aldrich, St Louis, MO, USA), poly(ethylene glycol) (PEG, Mn 400, SigmaAldrich, St Louis, MO, USA), and diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO, Sigma-Aldrich, St Louis, MO, USA) in ethyl alcohol. The final composition was 30% PEGDA, 40% PEG, 0.5% TPO, and 29.5% ethyl alcohol. The prepolymer solution was pipetted into the microfluidic device and cured by using the DMDmodulated UV light pattern.
Preparation of Cell Samples
L929 mouse fibroblast cells and HEK-293 human embryonic kidney cells were cultured in Dulbecco's modified Eagle's medium (high glucose, HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The cell culture medium used for the MCF-7 breast cancer cells was RPMI-1640 (HyClone, Logan, UT, USA). All cells were cultured in an incubator at 37 °C and 5% CO 2 .
PEGDA and GelMA have been widely used for various biological applications because its characteristics are suitable for cell growth and proliferation. [12, 24] For microgel-encapsulated cells, these two kinds of hydrogel were tried in the experiment and PEGDA (Mn 700, Sigma-Aldrich, St Louis, MO, USA) was finally selected. Prior to experiments, cells were trypsinized, collected, and resuspended in 30% (w/v) PEGDA dissolved in phosphate-buffered saline (PBS) at a concentration of 1 × 10 7 cells mL −1 . The photoinitiator 2,2-azobis (2-methyl-N-(2-hydroxyethyl)propionamide) (VA-086) was added to the cell-PEGDA solution to form the final experimental solution containing 0.5% photoinitiator.
Hydrogel and Cell Fluorescence Staining
To investigate the reproducibility and chemical homogeneity, the fluorescent dye rhodamine-B acrylate (Sigma-Aldrich, St Louis, MO, USA) was mixed with the PEGDA prepolymer solution at a concentration of 0.3 × 10 −3 m prior to UV exposure.
Before assembly, microgels containing different cells were stained with three different fluorescent dyes. L929 cells were stained with CytoPainter Phalloidin-iFluor 488 Reagent (Abcam, Cambridge, UK). MCF-7 cells were stained with DAPI, and HEK-293 cells were stained with neutral red staining solution. All the microstructures of the encapsulated cells were washed twice with PBS and then fixed with 4% paraformaldehyde for 15 min. Then, the microgels were immersed in 0.1% Triton X-100 solution for 6 h to increase the permeability. For L929 cells, the dyeing process required 90 mins; the other cells required only 15 min. Besides, cell viability in this study was characterized using Calcein-AM and prodium iodide. All bright field images and fluorescence images were obtained using an Eclipse Ti microscope (Nikon, Tokyo, Japan).
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